Design of a Proton-induced Quasimonochromatic Micro-XRF Setup for Wet Biological Samples  by Ploykrachang, K. et al.
 Energy Procedia  71 ( 2015 )  252 – 260 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Tokyo Institute of Technology
doi: 10.1016/j.egypro.2014.11.877 
The Fourth International Symposium on Innovative Nuclear Energy Systems, INES-4 
Design of a proton-induced quasimonochromatic micro-XRF setup 
for wet biological samples 
K. Ploykrachanga,*, J. Hasegawab, K. Kondoa, H. Fukudaa, Y. Oguria
aResearch Laboratory for Nuclear Reactors, Tokyo Institute of Technology, Ookayama 2-12-1, Meguro-ku, 152-8550 Tokyo, Japan 
bInterdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology, Nagatsuta-cho 4259, Midori-ku,  
Yokohama, 226-8503 Kanagawa, Japan  
Abstract 
We designed and constructed a proton-induced quasimonochromatic micro-XRF system for wet biological samples. A horizontal 
beam of MeV protons delivered by a 1.6 MV tandem accelerator was bent downward by 45q using a dipole magnet. A copper 
(Cu) foil target was placed perpendicular to the incident proton beam. The thickness of the foil was 30 Pm, which is slightly 
larger the proton range. This Cu foil was used also as a vacuum window for the X-rays. The proton-induced quasimonochromatic 
X-rays (QMXRs) emitted to the atmosphere through the foil were focused by a polycapillary X-ray half lens. The 
monochromaticity and intensity of the QMXR microbeam as a function of the incident proton energy were investigated. The 
QMXR microbeam impinged on the horizontal sample surface with an incident angle of 45q, and emitted fluorescent X-rays from 
the sample were collected by a Si-PIN X-ray detector positioned at 90q with respect to the incident microbeam. The size of the X-
ray beam was 250 Pm u 350 Pm. To demonstrate the capability of the micro-XRF setup for in-vivo measurement of trace 
elements in biological samples, we measured cobalt (Co) accumulated in leaves of duckweed floating on a Co solution surface. 
By using standard samples which simulated the duckweed leaf, the Co concentration in the leaf in the order of 100 ppm could be 
quantitatively determined. 
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1. Introduction 
Micro X-ray fluorescence (micro-XRF) analysis is a powerful tool for the non-destructive study of elemental 
distribution in small regions of sample surfaces in various scientific fields. Because X-rays are used as an excitation 
source, less energy is deposited in the sample compared to the case of excitation by charged particles. Therefore, 
radiation and thermal damages to the sample can be minimized. In addition, this method can be performed in air 
under atmospheric pressure without complicated sample preparation procedures. These features are well suited to in-
vivo measurement of biological samples. 
Nowadays micro-XRF devices based on conventional X-ray tubes are commercially available. However, their 
detection sensitivity is often deteriorated by strong background due to the scattering of broad continuum emission 
from the X-ray tube. To overcome this problem, we developed a micro-XRF system based on proton-induced 
quasimonochromatic X-rays (QMXRs), which is a mixture of characteristic KD and KE emissions from a copper 
(Cu) target. For example, the minimum detection limit of cobalt (Co) deposited on a thick Cu substrate reached 2 ng 
[1]. However, since this setup could deliver only a horizontal X-ray beam, stable measurement of samples with 
biologically-relevant wet samples or liquid samples was practically impossible. In order to extend the variety of the 
sample types, especially in the field of life sciences, we proposed a QMXR microbeam line with an angle of 45q to 
the horizontal plane. Preliminary experimental results showed that this method could be applicable to in-vivo 
measurement of Co in leaves of an aquatic plant floating on the surface of dilute Co water solution [2]. However, 
practical performances of this measurement, such as the absolute detection sensitivity needed for quantitative 
analysis and the minimum detection limit have not been investigated in detail. For quantitative determination of the 
Co concentration in the plant leaf, the background from Co in the solution under the leaf must be taken into account. 
To make the detection limit lower, not only the intensity but also the monochromaticity of the primary X-ray beam 
should be increased, because the minimum detection limit is determined by the background due to the scattering of 
the primary X-ray beam. The monochromaticity can be degraded, e.g., by scattering of gamma rays emitted by 
proton-induced nuclear reactions as well as by the interaction with the X-ray focusing device needed to form the X-
ray microbeam. 
In this paper we present details on the design and performances of the proton-induced quasimonochromatic 
micro-XRF system mentioned above. Experimental results on the primary QMXR microbeam, such as the 
monochromaticity and intensity are investigated as a function of the incident proton beam energy. Evaluation on the 
absolute detection efficiency for the quantitative analysis of Co in an aquatic plant sample using dedicated standard 
samples is also presented. 
2. Experimental method 
2.1 Proton-induced quasimonochromatic micro-XRF system
To utilize the QMXR exciting source efficiently for the micro XRF of wet biological samples, we designed and 
constructed an experimental setup, where the X-ray incident angle is 45q with respect to the horizontal plane. Fig. 1 
shows a schematic diagram of the experimental arrangement at RLNR, Tokyo Tech. A MeV proton beam with a 
current of a few PA from a 1.6 MV tandem accelerator was used as the incident beam to produce the QMXR 
exciting source. The horizontal proton beam was bent downward by 45q using a dipole magnet. This magnet has 
parallel pole faces and variable-angle magnetic shims at the entrance and exit to provide two-dimensional focusing 
of the proton beam. The gap width between the poles and the maximum magnetic field were 35 mm and 0.82 T, 
respectively. The curvature radius of the beam in the gap was 350 mm. For alignment and focusing of the proton 
beam on the Cu target, a pneumatically retractable quart scintillator was inserted in front of the target. A pair of 
quadrupole magnets was used to focus the primary proton beam down to a diameter of about 5 mm on the Cu target. 
254   K. Ploykrachang et al. /  Energy Procedia  71 ( 2015 )  252 – 260 
Fig. 1. Schematic diagram of the experimental arrangement of the proton-induced quasimonochromatic micro-XRF. 
A commercially available pure (99.9%) Cu foil with a thickness of 30 Pm was utilized as the primary target for 
the proton beam. The proton beam impinged normally on this target. The foil worked also as a vacuum window to 
extract the X-rays into the atmosphere. In order to prevent overheating due to the proton energy deposition, the Cu 
foil target was attached to a massive copper target holder by thermally and electrically conductive epoxy glue. 
Because the target holder functioned as a heat sink, the heat deposited on the Cu foil could be efficiently removed. 
The proton beam current on the foil was measured by a microammeter connected to the target holder. Inner shell 
ionization by the proton beam is followed by the emission of QMXRs (Cu KD and KE X-rays). After passing 
through the foil as a vacuum window, the X-rays enter a polycapillary half lens which was aligned to the proton 
beam axis. The entry face diameter, exit face diameter, length, and focal length of the lens were 7 mm, 5 mm, 70 
mm, and 45 mm, respectively. The lens was placed as near as possible to the Cu target in order to realize a large 
acceptance solid angle for the emitted QMXRs. Since the X-ray beam impinges on the horizontal sample surface 
with an incident angle of 45q, the focal spot on the sample was elliptic. According to a measurement by using a wire 
scanning method, the focal spot size was 250 Pm u 350 Pm [2]. 
The fluorescent X-rays emitted from the sample due to excitation by the QMXR microbeam were measured by a 
Si-PIN X-ray detector (XR-100CR, Amptek) with a 13 mm2 active area and a resolution of 214 eV (FWHM) at 5.9 
keV. The detector was placed in the direction of polarization, which is 90q with respect to the incident QMXR 
microbeam, in order to minimize the interference of scattered incident X-rays from the sample. The distance 
between the sample surface and the Be window of the detector was 13 mm. For in-situ observation of the sample, a 
microscope with a long working distance was placed above the sample. The total proton charge on the Cu target 
during each measurement was measured by a current integrator to normalize the dose of incident protons and 
QMXRs. 
2.2. Measurement of the monochromaticity and intensity of the QMXR microbeam 
In order to study the dependence of the absolute intensity and the monochromaticity of the QMXRs on the 
incident proton energy, energy spectra of the QMXRs were measured at proton energies of 2.0, 2.25, 2.5 and 2.75 
MeV with a constant proton beam current of 0.5 PA on the Cu target. For this measurement, we used a CdTe X-ray 
detector (XR-100T, Amptek) with a 9 mm2 active area and a thickness of 1 mm. The detector was placed at the focal 
point of the polycapillary half lens so that the geometrical collection efficiency of the QMXRs could be 100%. In 
addition, dependence of the QMXR intensity on the primary proton intensity was investigated by changing the 
proton beam current from 0.5 to 2 PA with a proton energy being fixed at 2.5 MeV. 
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2.3. Measurement of the Co concentration in a plant sample 
To study the absolute detection sensitivity in in-vivo analysis of minor elements in biological samples, we 
measured the concentration of Co accumulated in duckweed (Lemna minor) samples. Duckweed is a small floating 
aquatic plant that can thrive and reproduce rapidly [3]. Therefore, phytoremediation of water contaminated with 
radioactive Co isotopes using this species of plant is being studied extensively [4].  
For the Co uptake experiment, water containing 500-ppm Co with pH | 6 was prepared from pure water, solid 
CoCl2, and a small amount of fertilizer. A 2.0 ml of this contaminated water was put into an acrylic vessel with a 
diameter of 1.5 cm and a depth of 1.8 cm. This vessel was mounted on a xyz stage for adjusting the position of the 
duckweed leaf to the focal plane of the QMXR microbeam. A living duckweed with leaves of | 6 mm in diameter 
and mass thickness of |15 mgcm2 was put into the vessel. The duckweed was illuminated by a fluorescent lamp 
with an intensity of 1.3 u 10 Wcm2 for 5 hr. After the illumination, the Co contents in the vein and the blade of 
the leaf were measured by the micro-XRF setup mentioned above. The energy and the current of the proton beam 
were 2.5 MeV and 1.5 PA on the Cu target, respectively. The measuring time for each position on the sample was 
600 s. 
For evaluation of the absolute detection sensitivity needed for quantitative analysis, we used standard samples 
which consisted of a pair of Mylar films and a thin Co layer between these films. The Co layer was formed by 
vacuum evaporation on one of the Mylar films. The Co layer thickness was evaluated by Rutherford backscattering 
spectrometry (RBS). To simulate the attenuation of the X-rays in the duckweed leaf with a mass thickness 
mentioned above, a pair of 50-Pm thick Mylar films was used to realize a total thickness of 100 Pm, which 
corresponded to a mass thickness of |14 mgcm2. We prepared such standard samples with Co layer thicknesses of 
0, 42 and 84 nm. By assuming that the Co concentration in the duckweed leaf was homogeneous, these Co-layer 
thicknesses could be converted to Co concentrations of 0, 2697 and 5394 ppm, respectively. To simulate the in-vivo 
irradiation of a duckweed leaf, these standard samples were put on the surface of the 500-ppm Co solution in the 
acrylic vessel. The Co KD yield per proton dose was determined for each standard sample with the same condition 
as the Co uptake experiment. 
3. Results and discussion 
3.1 The monochromaticity and intensity of the QMXR microbeam   
Fig. 2 shows the experimental results on the spectrum of QMXR microbeams obtained with different proton 
energies. The ordinate shows the measured X-ray count rates which were divided by the detector efficiency as a 
function of the energy, and normalized so that the Cu KD X-ray peak heights could be same. It was expected that the 
continuum background in the spectra could increase with increasing the proton energy owing e.g. to the 
enhancement of secondary-electron Bremsstrahlung. Nevertheless we see almost no difference in the spectral shape 
between the measurements with different incident proton energies, except for the increase of counts in X-ray energy 
region above 9 keV with increasing the proton energy. This result can be explained by the fact that the energy of 
most photons due to the bremsstrahlung was so small that they were strongly attenuated in the Cu foil. On the other 
hand, we observed no effect of gamma rays in the high energy regions. This result is consistent with the fact that the 
Cu target was far away (|12 cm) from the detector, and the detector was so thin that the detection efficiency for 
high-energy gamma rays was very small. 
To check the contribution of the pile-up effect in the measured X-ray energy spectra in Fig. 2, we performed 
another experiment, where X-ray spectra were measured with different X-ray count rates by changing the proton 
beam current. The result showed that the counts normalized to the proton dose above the Cu KE X-ray energy 
increased with the X-ray count rate. It follows that the counts in this energy region were affected by the pile-up 
effect. Nevertheless, in Fig. 2, the total count in this energy region is less than 1% of the total count in the whole 
spectra. We therefore ignored the contribution of the counts in this energy region in the evaluation of the spectral 
monochromaticity. 
Fig. 3 shows the monochromaticity of the QMXR microbeam evaluated from the spectra in Fig.2 with different 
proton energies. Here the monochromaticity is defined as the percentage of characteristic X-ray counts in the total 
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X-ray counts from 2.0 keV to 9.5 keV on the spectra, as described above. We see no significant decrease of the 
monochromaticity, even if the proton energy was increased up to 2.75 MeV. Thus, in any case in this study, the 
monochromaticity of the X-ray microbeam was higher than 90%, which is higher than that obtained by the 
secondary-target technique based on conventional X-ray tubes [5]. 
Fig. 2. X-ray spectra of the QMXR microbeam, normalized to the same KD X-ray peak height, as a function of the incident proton energy. 
Fig. 3. The measured monochromaticity of the QMXR microbeam produced by protons with different energies. 
Fig. 4 shows the measured intensity of the KD+KE X-rays in the QMXR microbeam as a function of the proton 
energy. The yield of the K X-rays increased with the proton energy, mainly because of the increase of K X-ray 
production cross section [6]. Therefore, in this study, the 2.75 MeV proton beam produced the highest K X-ray 
intensity. However, the thickness of the Cu foil target (30 Pm) was almost equal to the penetration range of the 2.75 
MeV proton beam in Cu [7]. Moreover, operation of the accelerator was not so stable when the proton energy was 
raised up to 2.75 MeV. Thus, to avoid the damage of the polycapillary X-ray lens by the proton beam and to acquire 
a stable beam, we hereafter utilized 2.5 MeV protons for the micro-XRF experiments. 
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Fig. 4. The intensity of the K X-ray in the QMXR microbeam as a function of the incident proton energy. 
On the other hand, from the result of measurement at the fixed proton energy of 2.5 MeV, we confirmed that the 
intensity of the K X-rays almost linearly increased with the incident proton beam current.  
3.2. Determination of the absolute Co concentration in the plant sample on the Co solution surface 
Fig. 5 shows the measured micro-XRF spectrum of the standard samples floating on the Co solution surface. The 
Co KD peak (6.93 keV) could be observed even though the standard sample included no Co layer, as shown in Fig. 
5 (a). This result is due to the fact that the penetration lengths of the both Cu K and Co K X-rays are larger than the 
thickness of the standard sample, and the Co KD X-ray from the Co solution was detected. The gross area of this Co 
KD peak was utilized as the Co background count in the evaluation of the net accumulated Co content in the 
duckweed floating on the Co solution. Thus the net peak areas of Co KD X-rays for different Co layer thicknesses 
were used to draw the calibration line between the X-ray counts and the Co concentration in the duckweed leaf. The 
result is show in Fig. 6. 
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(c)
Fig. 5. Micro-XRF spectra of the standard samples including 0-Pm (a), 42-Pm (b), and 84-Pm (c) Co layer floating on the Co solution surface. 
Fig. 6. Calibration line between the Co mass concentration and the Co KD X-ray yield determined using the standard samples. 
Fig. 7 (a) and (b) show micro-XRF spectrum for the vein and the blade of the duckweed leaf after the Co 
accumulation for 5 hr, respectively. By using the calibration line, we could quantitatively determine the Co 
concentrations in the vein and the blade of the duckweed leaf to be 1.0u103 and 0.9u103 ppm, respectively. As a 
result we found that there was no significant difference in Co concentration between the vein and the blade. By 
using the calibration line and the count of the background continuum under the Co KD peak, the minimum detection 
limit (MDL) of Co in the duckweed leaf was |250 ppm. 
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          (a)                     (b) 
Fig. 7. The measured micro-XRF spectra for the vein (a) and the blade (b) of the duckweed leaf after the Co accumulation for 5 hr. 
4. Conclusions 
We found that the QMXR microbeam generated by the proton-induced X-ray technique had a higher 
monochromaticity than X-ray microbeams delivered by conventional commercially-available micro XRF devices. 
The monochromaticity was not degraded by increasing the incident proton energy, whereas the intensity increased 
with the proton energy. Therefore, higher proton energies are preferred for this method. Nevertheless, we utilized 
the 2.5 MeV proton beam instead of the 2.75 MeV for the micro-XRF experiment due to limitation of stable beam 
operation of the accelerator at high energy. In addition, we observed no effect from proton-induced nuclear reactions, 
because the Cu foil target was far from the sample and the detector. 
We verified that the present setup with an incident angle of 45q with respect to the horizontal plane was capable 
of in-vivo measurement of aquatic plant samples floating on water surfaces. It follows that, the present geometry is 
usable for any wet or even liquid samples related not only to life sciences but also to other scientific and/or 
technological fields. The quantitative analysis of Co concentration in duckweed leaf was successfully implemented 
using the standard samples which had a similar mass thickness to that of the duckweed leaf. The MDL of the Co 
accumulated in the duckweed leaf floating on the Co solution surface was enough to study the uptake behavior of 
this plant species. 
The detection limit performance can be further improved by simply increasing the incident proton intensity. In 
this case, however, we should pay more attention to the cooling of the metallic target for the proton beam. 
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